We examined the orographic effect of Mindanao Island in the Philippines on the distribution of precipitation from Typhoon Washi. The National Centers for Environmental Protection (NCEP) and US Department of Energy (DOE) Reanalysis data were downscaled using a regional spectral model to reproduce the typhoon in detail. A heat budget analysis revealed the reason for the absence of precipitation over the mountain in the center of Mindanao Island. Sensitivity experiments with various artificial terrains were conducted to estimate the orographic effect on the precipitation distribution. The peak rainfall, which occurred on the west side of Mt. Ragang, was caused by the interaction between the typhoon and both Mt. Ragang and Mt. Malindang. A rich source of heat and moisture is indispensable for typhoon rainfall. However, without a mountain, a typhoon would not cause heavy precipitation even after trespassing. Divergence of the typhoon wind due to one or more mountains is shown to be the key factor behind the heavy rainfall over land from Typhoon Washi in 2011.
Introduction
On 16 December 2011, Typhoon Washi made landfall on Mindanao Island in the Philippines. This typhoon was so huge that its precipitation caused extensive floods, washing away some big cities, such as Cagayan de Oro and Irigan. The number of victims was recorded as more than 1,000 people. Generally, intense typhoons rarely make landfall on Mindanao Island. Joint Typhoon Warning Center in US Navy showed that around 35 tropical cyclones made landfall in Mindanao from 1945 to 2010. Especially in December, typhoon crossed Mindanao Island once in every ten years in average between 1947 and 2008 according to Manila Observatory. Instead, they usually pass through the Luzon or Bisaya Islands in the northern part of the Philippines. Although the number of typhoons that land here is small, their damage is believed to be amplified by the lack of preparation for water hazards. This hypothesis was confirmed by the fact that typhoons that landed on Mindanao in the last 2 years (2011: Washi, 2012: Bopha) caused great loss of lives and money. These situations have shown the importance of a deeper understanding of the precipitation mechanisms associated with typhoons.
Generally, the effect of orography on precipitation is known to be complicated, especially, as Buzzi et al. (1998) showed, when the topography is complex and a rich heat and water source (the ocean) is located close to mountains. Along with the ascending flow along the mountains, the effect can include orographic cyclogenesis and convergence. In the Philippines, the interaction between orography and the monsoonal wind in Luzon Island has been estimated (Cayanan et al. 2011) , but the atmospheric conditions over Mindanao may be quite different. Wu et al. (2003) showed the strong connection between storm intensity and air-sea interaction. The eyewall of tropical cyclones in the Philippines is intensified by the heat and moisture supply from the ocean. Many studies have indicated that the topography of the Philippines has a great impact on the storm track, eye diameter, storm intensity, and size of tropical cyclones (Brand and Blelloch 1979; Chou et al. 2011) . Because most of these studies were conducted on typhoons at Luzon Island, the complicated relationship between the typhoon and topography has not yet been revealed for Mindanao Island. Numerical experiments using regional climate models (RCMs) are a common way to reveal orographic effects. Lin et al. (2002) estimated the effect of the model resolution on orographic rainfall reproduction at various resolutions and showed that less than 15-km resolution is suitable for numerical orographic rainfall simulations with typhoons in Taiwan. According to Wu et al. (2002) , both of 6.7 km and 2.2 km grid spacing resolution is similarly sufficient to reproduce the rainfall distribution by the orographic effect in Taiwan. As Yang et al. (2008) showed, sensitivity experiments with different terrains are effective to investigate topographic influences on land-falling typhoons.
In this research, downscaling of reanalysis data was performed with a regional spectral model (RSM) (Juang et al. 1997; Juang and Kanamitsu 1994) to reproduce typhoon Washi at higher resolution. After validation of the controlled simulation, some sensitivity experiments with different orographic conditions were conducted to clarify the impacts of mountains on the precipitation mechanisms with Typhoon Washi. First, the analysis concentrated on the time when the part of the typhoon with the heaviest rainfall stayed over the central mountain (Mt. Ragang) to reveal the "passing through" mechanism. Next, the analysis focused on the time when the heaviest rainfall reached the peninsula between the mountain on the west side (Mt. Malindang) and Mt. Ragang to show how precipitation area was affected by the orography.
Data and study method

Model domain
In this research, the RSM was used for the downscaling. The RSM is characterized by the use of spectral and perturbation methods. These characteristics are advantageous because of the absence of truncation (in linear terms), aliasing and phase errors, and pole problems. Furthermore, the simple programing involves semi-implicit time integration only. Physical process parameterization were utilized such as the deep convection of relaxed Arakawa-Schubert scheme (Moorthi and Suarez 1992) , the shallow convection of Tiedtke scheme (Tiedtke 1983) , Boundary layer of Non-local vertical diffusion scheme (Hong and Pan 1996) and cloudiness parameterization of Slingo scheme (Slingo 1987) . Because the main focus of this research is the utilization of RSM, hydro-static model was utilized in this research. This is because previous research showed that 6.7km grid resolution, which can be resolved with hydrostatic scale, is sufficient to reproduce the distribution of orographic precipitation (Wu et al. 2002) . Because relatively few typhoon studies have used RSM, this research represents a major trial for future progress in the understanding of typhoons.
As a downscaled boundary condition, the NCEP/DOE Reanalysis (so-called NCEP Reanalysis 2) data (Kanamitsu et al. 2002) were used. These data are at the original T62 horizontal resolution, in which the grid width is about 180 km (192 × 94 grid points graphic values were changed to 0 meters at the actual location of the mountain. The simulation runs were called the Mt.Roff runs, Moff runs and RMoff runs, (where R: Ragang, M: Malindang, or RM: Ragang and Malindang). Atmospheric data was interpolated in the space where mountain actually exists, using the lowest data of original NCEP/DOE reanalysis product. Finally, for the dynamic meteorological analysis, a heat budget analysis (Yanai and Chengfeng 1994) was conducted to estimate the amount of adiabatic heating.
Orographic Effect on the Precipitation with Typhoon Washi in the Mindanao Island of the Philippines
Results and discussion
Control run a. Validation of model output
First, a validation of the CTL run is conducted. Figure 2a represents the rainfall estimates from the Tropical Rainfall Measuring Mission (TRMM) data (TRMM Multi-satellite Precipitation Analacross the globe). These data were downscaled to 192 × 201 grids, in which each grid was 7 km length. Considering Lin et al. 2002 and Wu et al. 2002, 7 km grid spacing is supposed to be sufficient to resolve the orographic precipitation because the scale of the topography in the Philippines does not significantly differ from Taiwan. The nesting simulation was not conducted because Kanamaru and Kanamitsu (2007) showed that downscaling by RSM can avoid problems caused by the large resolution gap, with the use of spectral nudging. The central point, i.e., the 57th grid in the zonal direction and the 85th grid in the meridional direction, was at 125°E, 7°S (Fig. 1a) . Figure 1b shows the meridional projection of the topography in the 7 km grid simulation and in the reanalysis data. The simulation period was 60 hours, the integration interval was 20 seconds, and the output interval was 1 hour. The simulation was started at 1200 UTC on 15 December 2011. This simulation was a control run and is hereafter called the CTL run.
For the sensitivity experiments, the surface topographic data were changed as in Yang et al. (2008) . The input surface topo- ysis: TMPA-RT) for the period during the typhoon hit Mindanao Island, and Figs. 2b, c, d, e shows the total amount of precipitation for the period during the typhoon hit the island in four simulations. According to the difference in the period during typhoon made landfall, which derived from storm tracks, we calculated the summation of the precipitation for different period between TRMM and RSM simulations. However, there is no significant difference in the moving speed and tracks of the typhoon between best storm track data and simulations. Figure 2b represents two precipitation peaks at Mindanao Island: over the mountains on the east side of the island and in the western peninsula between Mt. Malindang and Mt. Ragang. Especially, the precipitation peak along the north side of Mt. Ragang to southeast of Mt. Malindang can be seen in both Figs. 2a and 2b . The spatial correlation between the precipitation distribution of TRMM and CTL run was 0.61. Figure 2b also shows the storm track of the simulations, which was derived from the grid with minimum sea level pressure. Figure 2 show that all of four simulations reproduced the storm track and precipitation distribution of Typhoon Washi closely. Figure 3a represents the temporal change of the typhoon intensity, which derived from minimum sea level pressure. As many research indicated, the quantitative reproduction of the minimum pressure in the model is still very difficult (Wu et al. 2002) . However, the characteristics that the minimum pressure increased after 0600 UTC 17 December in reanalysis data was reproduced in the simulations. Figure 2b shows the mean precipitation around Mt. Ragang and the minimum pressure during the period from 0900 UTC on 16 to 1200 UTC on 17 December 2011. The intensity was tend to be overestimated, while the precipitation was underestimated. The interesting point is that, although the best storm track shows that the typhoon propagated over Mt. Ragang, it did not cause precipitation over center to east side of Mt. Ragang, as if it passed through over Mt. Ragang without losing its water vapor.
b. "Passing through" mechanism of the typhoon over Mt. Ragang Figure 4 shows the diabatic heating at 300 hPa and horizontal wind at 850 hPa. Because heat core of the tropical cyclones is around 300 hPa, diabatic heating at that height can be a good indicator of water vapor condensation in the upper troposphere. At 0900 UTC on 16 December, strong diabatic heating is seen over the mountain in the eastern part of Mindanao Island, where the center of the cyclonic circulation is located. However, at 2000 UTC on 16 December, although cyclonic circulations of horizontal wind occur over Mt. Ragang, there is no strong diabatic heating. Again, at 0300 UTC on 17 December, from the north of the Mindanao Island, southward band of strong diabatic heating to over the peninsula between Mt. Malindang and Mt. Ragang is seen. These indicate that, although the cyclonic circulation (typhoon Washi) propagated westward through the island, the condensation of water vapor stopped over Mt. Ragang.
To reveal a reason for the absence of water vapor condensation despite the existence of a high mountain, vertically integrated moisture between 850 hPa and 100 hPa and the vertically integrated horizontal moisture flux are shown in Fig. 5 . At 0300 UTC on 17 December, vertically integrated moisture is more than 42 kg m −2 over the peak water amount around Mt. Malindang, while there is scarce amount of moisture over Mt. Ragang at 2000 UTC 16. Absence of moisture supply over Mt. Ragang is supposed to be caused due to the storm track. Because the typhoon approached Mt. Ragang from southeast, Mt. Ragang exposed to the easterly during the typhoon. The topography between Mt. Ragang and east ocean is supposed to store moisture and to prevent from supplying moisture to west. It is reasonable to assume that the absence of condensation and precipitation was caused by the lack of water vapor supply, or convergence. The reason why typhoon did "pass through" over Mt. Ragang without strong precipitation is indicated to be the difference in the convergence of the moisture flux, which will be confirmed in the following section.
Sensitivity Experiments a. Effect on the Precipitation Distribution
In the three sensitive experiments, there were no critical dumping or instability due to the absence of a mountain/mountains, and small dumping dissolved in initial several hours. Figures 2c, d , e shows the total amount of precipitation for the period from 0900 UTC on 16 to 1200 UTC on 17 December 2011 from the sensitivity experiment simulations. The precipitation peak in the eastern part of Mindanao Island was almost the same in all three simulations. The peak over Mt. Malindang in the CTL run weakened in the Mt.Roff run, although the peak did not move in the Mt. Moff run. In the Mt.RMoff run, the peaks around Mt. Ragang and Mt. Malindang almost disappeared. Figure 6a shows the difference in vertically integrated moisture divergence and the horizontal moisture flux between the CTL and Mt.Roff runs. It compares the location where the strongest precipitation occurred at 300 UTC 17 December in both the CTL run and the Mt.Roff run. There were southward moisture flux from the negative peak of water vapor over the ocean to the positive peak over the peninsula and northward moisture flux from south ocean. Furthermore, the moisture flux was not directly advected to the positive peak, but was propagated southwestward in north (northwestward in south) along Mt. Ragang. This indicated that the altered direction of horizontal moisture flux (wind) forced the convergence.
b. Orographic Effect of Mt. Ragang
c. Orographic Effect of Mt. Malindang
On the other hand, a comparison of Figs. 2b and 2d revealed no significant difference in the precipitation distribution. Mt. Malindang slightly altered the moisture flux southeastward over the peninsula between Mt. Malindang and Mt. Ragang, which means that Mt. Malindang suppressed the penetration of moisture from south and pushed the peak of water vapor southwestward in Fig. 6b . Although the impact was small due to the lower altitude of Mt. Malindang compared with Mt. Ragang, Mt. Malindang was also assumed to force a convergence of moisture flux by the alternation of the wind direction. This assumption was confirmed by the Mt.RMoff run, discussed in the next section.
d. Orographic Effect of both Mt. Ragang and Mt. Malindang
With one or two mountains, a precipitation peak appeared around Mt. Ragang or Mt. Malindang. However, comparing Figs. 2b and 2e, the precipitation peak was completely eliminated in the Mt.RMoff run. This indicates that the precipitation was caused by a mountain (Mt. Rangang or Malindang) or both mountains. Thus, no strong non-orographic effect, such as a land-sea contrast, forced the precipitation in this region. Figure 6c shows the vertically integrated moisture convergence, indicating that the precipitation peak over the peninsula was caused by a convergence due to the sandwiched/altered northerly wind by Mt. Ragang and/or Mt. Malindang. Moreover, comparing the precipitation amount of Mt.RMoff run in Fig. 3b to the others, it is clear that both of Mt. Ragang and Mt. Malindang have an ability to enhance the orographic precipitation of a typhoon, and especially that Mt. Ragang has stronger impact than Mt. Malindang.
Conclusion and recommendations
In this research, downscaling of the reanalysis data was conducted with RSM to reproduce Typhoon Washi at a small scale. After the validation, sensitivity experiments with different orographic conditions were conducted to clarify the impact of a mountain or mountains on the precipitation mechanisms. Much loss of vapor over the east-side mountain resulted in a small amount of westward advection of moisture from the west side to the center of Mindanao Island. In the western part of Mindanao Island, a rich water supply from the northern and southern ocean caused convergence mainly due to the change in the northerly wind to northeasterly by Mt. Ragang. In addition to that, the change in the northerly wind to northwesterly by Mt. Malindang has also an influence on the precipitation distribution. Although moisture flux from the ocean is indispensable for heavy rainfall, orographic effects play a critical role in fixing the rainfall region.
Because this research is based on only one RSM, there were probably some biases. Additional simulations with other RCMs should be conducted to eliminate possible biases. Furthermore, research on other typhoons such as Bopha (2012) is needed to distinguish the impacts of orography and storm tracks on precipitation. Further understanding of the orographic mechanisms of rainfall associated with typhoons would improve the estimation of changes in the impact of typhoons and of damage due to global warming.
